Mucinous neoplasms of the appendix are a heterogeneous group of neoplasms ranging from simple mucoceles to complex pseudomyxoma peritonei. Considerable controversy exists on their pathologic classification and nomenclature. Clear understanding of the histopathologic diversity of these neoplasms helps in establishing proper communication between the radiologist, the pathologist and the surgeon. In this article, we present a brief discussion of the current taxonomy and nomenclature of mucinous neoplasms of the appendix followed by a review of their imaging features. Important points including the significance of identifying extra-appendiceal mucin at imaging, the new classification of pseudomyxoma peritonei into low-and high-grade varieties and the significance of simultaneous ovarian and appendiceal neoplasms are highlighted.
Introduction
Primary neoplasms of the appendix are present in less than 2% of surgical appendectomy specimens [1] . The major categories of primary neoplasms include epithelial tumors, mesenchymal tumors and lymphomas. Mucinous neoplasms of the appendix are a complex, diverse group of epithelial neoplasms often causing cystic dilation of the appendix due to accumulation of gelatinous material, morphologically referred to as mucoceles. First described by Rokitansky in 1842 [2] , clinically and radiologically, mucoceles are often incidentally detected in asymptomatic patients. However, it is important to recognize that the underlying cause of the mucocele can range from simple retention cyst to malignant adenocarcinoma and that rupture of the mucocele can result in the dreaded complication of pseudomyxoma peritonei (PMP) [2] . Accordingly, the goal of this article is to provide an up-to-date review of the pathology and imaging features of the mucinous neoplasms of the appendix including PMP.
Mucinous neoplasms of the appendix: pathology, taxonomy and nomenclature
Cystic dilatation of the appendix results from luminal obstruction caused by either non-neoplastic or neoplastic conditions. Simple mucoceles are retention cysts that can result from an obstructing appendicolith, endometriosis, extrinsic compression or inflammatory conditions. They are uncommon and rarely exceed 2 cm [35] . Mucosal hyperplasia and hyperplastic polyps of the appendix can uncommonly be associated with appendiceal dilatation [5] . An appendiceal mucinous neoplasm refers to a tumor associated with neoplastic adenomatous growth (adenoma or adenocarcinoma). Considerable controversy exits regarding the nomenclature of mucinous neoplasms of the appendix. Various classification schemes by Pai and Longacre, Misdraji et al., Carr and Sobin and the 2010 WHO classification have been proposed [69] . These are similar in that they all define benign neoplastic adenoma as confined to the mucosa, without mucin or cells penetrating the muscularis mucosa or evidence of perforation. Invasive adenocarcinoma is a frankly invasive neoplastic lesion with cellular invasion beyond the muscularis mucosa. The schemes differ in their classification of adenomatous growths with mucin dissection beyond the muscularis mucosa (termed broad front invasion) or mural perforation, where peritoneal dissemination can lead to PMP [10] . These are variably referred to as low-grade appendiceal mucinous neoplasms (LAMNs) or appendiceal neoplasms of uncertain malignant potential. The 2010 WHO classification recognizes 3 main categories of mucinous neoplasms: mucinous adenoma, LAMN and appendiceal adenocarcinoma [8] . It avoids the use of the terms cystadenomas and mucinous cystadenocarcinomas. Salient features of these 3 neoplasms are listed in Table 1 .
Adenomas are usually low grade, confined to the mucosa of the appendix with no evidence of invasion beyond the muscularis mucosa. Adenomas are classified into tubular, tubulovillous and villous types (Fig. 1 ) [9] .
Appendiceal adenomas, like colonic neoplasms, follow an adenoma-carcinoma sequence and act as premalignant lesions, requiring excision [11] . LAMNs are morphologically well-differentiated adenomas that can proliferate outside the appendix in a malignant fashion and are low-grade tumors [9] . The previous category of mucinous Figure 1 Mucinous adenoma of the appendix. Surgical specimen demonstrating a mucinous neoplasm (arrows) of the appendix. Note the adjacent right colon (*). Histopathology revealed mucinous adenoma. tumors of uncertain malignant potential is now included in the LAMN group. LAMNs are classified by a few authors into mucinous neoplasms with low-and highrisk of recurrence [5] . Mucinous adenocarcinomas are characterized by invasive glands containing high-grade cytologic atypia and extracellular mucin in more than 50% of the lesion [9] . PMP or mucinous carcinoma peritonei refers to growth of neoplastic mucin-secreting cells in the peritoneal cavity resulting in gelatinous mucinous ascites [10] . Ronnett et al. classified PMP into diffuse peritoneal adenomucinosis (DPAM) and high-grade peritoneal mucinous carcinomatosis (PMCA) based on cytologic atypia and survival rates [12, 13] . According to the 2010 WHO classification, PMP is classified into low-grade PMP, which is associated with LAMN, and high-grade PMP, associated with mucinous adenocarcinoma [9] . The terms DPAM and borderline tumors are no longer recommended by the WHO classification.
Clinical features
Mucoceles are rare entities, seen in 0.20.3% of appendectomy specimens [14] . They affect women 4 times as often as men. Peak age of incidence is usually after 50 years [14] . However, adenocarcinomas of the appendix in general are more often seen in men in the sixth or seventh decades and have an increased association with other colonic neoplasia and chronic ulcerative colitis [9] . Prospective clinical diagnosis of mucinous neoplasms is often difficult. Half of the cases are asymptomatic, detected incidentally and are often stable for many years [15] . Other cases can present with abdominal pain, weight loss, nausea and vomiting, palpable mass, acute appendicitis, intussusception and localized rupture or peritoneal spread [15, 16] . PMP can present with gradual abdominal distention or abdominal hernias.
Mucinous neoplasms may be occasionally detected at endoscopy where they demonstrate the pathognomonic volcano sign, which refers to an erythematous soft cecal mass with central crater from which mucin is discharged [17] . Endoscopy is recommended in patients 
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diagnosed with mucinous neoplasms of the appendix due to increased incidence of synchronous or metachronous colonic polyps and masses [3, 8] . Patients with mucinous neoplasms may have increased carcinoembryonic antigen (CEA) levels, which is of diagnostic and prognostic value [18] . Fine-needle biopsy of mucoceles is generally avoided as this can precipitate peritoneal spread and the differential diagnosis at cytology is usually difficult [19] . However, percutaneous biopsy of disseminated peritoneal lesions has high diagnostic yield [2022] .
Imaging of mucinous neoplasms of the appendix
Imaging plays an important role in the diagnosis and management of mucinous appendiceal neoplasms as it may bring attention to asymptomatic neoplasms, allows detection of local invasion, impending or actual rupture, and metastatic spread of these tumors. It also allows evaluation of synchronous or metachronous colonic and ovarian neoplasms.
Conventional radiography
Plain abdominal radiographs generally yield little information, but may occasionally show curvilinear right iliac fossa calcifications, and a mass effect on cecum, bowel or bladder. Barium enema is increasingly an imaging study of the past, and now replaced by more sensitive and specific cross-sectional imaging investigations. Barium enema signs include non-filling of the appendix, well-circumscribed submucosal lesion at the cecal pole, extraluminal compression of the cecum, and concentric ring appearance of cecal mucosal folds directed towards the appendiceal orifice (Fig. 2 ) [2] .
Ultrasonography
Ultrasonography shows a mucinous neoplasm as an encapsulated, elongated or ovoid cystic lesion in the expected position of the appendix, attached to the cecum. An internal onion-skin appearance, which represents lamellated mucin, is considered pathognomonic (Fig. 3 ) [23] . A porcelain appendix represents calcification in the appendiceal wall, creating an echogenic near wall and distal acoustical shadowing [2] . Discontinuity of the appendiceal wall, with leakage of internal contents into surrounding tissues indicates rupture of the mucinous neoplasm (Fig. 4) .
Multidetector computed tomography
Multidetector computed tomography (MDCT) offers multiplanar, high-definition anatomic depiction of appendiceal lesions [24] . Simple mucoceles are seen in the expected position of the appendix, as well-encapsulated, peripherally enhancing, low attenuation cystic structures with a smooth wall of variable thickness. Mural curvilinear or punctate calcification occurs in less than 50% of patients [14, 25] . Computed tomography (CT) colonography can show a cecal contour abnormality or intraluminal smooth lesion at the expected position of the appendiceal orifice (Fig. 5 ). An appendix with a diameter of more than 15 mm, soft tissue mass, wall thickening or irregularity should raise the suspicion of mucinous neoplasm [3, 9] . Adenomas are seen as tumors confined to the appendix with no peri-appendiceal mucin (Fig. 6 ). With continued mucin production and neoplastic expansion, mucinous neoplasms can develop focal mural expansions, a blistered appearance or frank rupture due to mucin dissecting the wall (Fig. 7) . The presence of any mucin outside the appendix excludes the diagnosis of adenoma according to the WHO classification [9] . Extraappendiceal mucin is a feature of LAMN and mucinous adenocarcinoma (Fig. 8) . MDCT is particularly useful in detecting mucin outside the appendix but still confined to the right lower quadrant, also referred to as localized PMP [7] . According to the TNM staging, this is staged as T4a disease, whereas intraperitoneal metastasis beyond the right lower quadrant, including PMP, is staged as distant metastasis (M1a) [9, 26] . Localized PMP with cellular mucin at histopathology is associated with a significantly greater risk of recurrence compared with acellular mucin (23% vs 4%) [27] . Rarely, mucinous neoplasms may be complicated by intussusception [4] . MDCT helps in detecting local recurrence after surgery (Fig. 9) .
Magnetic resonance imaging
Magnetic resonance imaging (MRI) is helpful to detect incidental appendiceal adenomas, rupture and Figure 6 A 76-year-old man with appendiceal mucinous adenoma manifesting as right lower quadrant discomfort. Axial unenhanced CT image shows a well-defined appendiceal lesion with intact margins, curvilinear mural calcifications (white arrow) and uniform low-density internal contents. 
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extra-appendiceal mucin and to differentiate large mucinous neoplasms from other intraperitoneal and retroperitoneal pathologies. Mucinous neoplasms appear as hyperintense tubular distention of the appendix on T2-weighted images (Fig. 7 ) [25] . The signal intensity on T1-weighted images depends on the mucin concentration. Intraluminal and peri-appendiceal mucin appears bright on T2-weighted images. Contrast-enhanced MRI may show smooth mucosal enhancement in simple lesions, whereas nodules and solid components are seen in adenomas, LAMNs and adenocarcinomas (Fig. 10) . Periappendiceal enhancement may be seen when there are adhesions or extraluminal mucin, which raises the possibility of underlying LAMN or adenocarcinoma.
Imaging of PMP
On imaging, PMP typically has low or proteinaceous attenuation ascites with serosal implants. Sonography demonstrates ascites, irregular peritoneal and omental thickening with anechoic areas, septations and echogenic foci (Fig. 11 ) [21] . CT shows fixed bowel loops, scalloping of liver margin, abdominal wall, or bowel loops. Septations may also be seen on CT, which may represent either the interface of mucinous nodules or fibrous tissue between nodules (Fig. 11) . Mucinous nodules may show rim-like calcification [28] . The appendix is the most common site of the primary tumor in PMP; less common primary sites include colorectum, gallbladder, stomach, pancreas, fallopian tube, urachus, lung and breast [9] . The appendix is considered the primary site even in patients with simultaneous ovarian and appendiceal mucinous neoplasms based on molecular genetic studies [10, 29] . The ovary is the primary site in the very rare condition of mucinous adenocarcinoma of intestinal type in mature cystic teratoma [9] . Lowgrade PMP associated with LAMN has a characteristic distribution with large-volume disease in the greater Figure 9 A 49-year-old woman with complicated appendiceal mucinous adenocarcinoma manifesting as a 2-year history of chronic right lower quadrant discomfort and increasing right flank mass. Incomplete resection at another hospital revealed appendiceal mucinous adenocarcinoma. A post-operative retrocecal collection was treated as an abscess and drained percutaneously through the right flank. (a,b) Axial (a) and sagittal reformatted (b) images of the follow-up contrast-enhanced CT scan revealed mucinous carcinoma appearing as a low-density, elongated mass (arrows) with internal calcifications, dorsal to the cecum, extending along the drainage tract through the abdominal wall aponeurosis and superficial fascia to the skin surface as a mucinous fistula. This was later completely resected. The patient is under follow-up.
omentum, beneath the right hemidiaphragm, in the right retrohepatic space, ligament of Trietz, left paracolic gutter and pelvis [9] . Peritoneal surfaces of the bowel are spared with no nodal metastasis or spread beyond the peritoneum. High-grade PMP arising from mucinous adenocarcinoma, on the other hand, invades the underlying organs and has hematogenous and nodal metastasis (Fig. 12 ) [9] .
Differential diagnosis
Simple mucoceles may appear similar to cystic lymphangioma, mesenteric cyst, enteric duplication cyst, Meckel diverticulum, retroperitoneal tumor and ovarian cystic lesion [24] . Inflamed, perforated and leaking mucoceles may be indistinguishable from acute appendicitis, both clinically and radiologically (Fig. 13 ). An appendiceal diameter of more than 15 mm is a useful clue to the presence of chronic appendiceal obstruction raising the alarm for an underlying appendiceal or cecal neoplasm. Appendiceal obstruction from a cecal carcinoma, an important potential pitfall, is distinguished by the presence of a solid enhancing cecal mass (Fig. 14) . PMP has the same imaging features as carcinomatosis from mucinous colorectal and other malignancies, but the appendix is the most common primary site for PMP. Percutaneous needle biopsy is helpful to confirm disseminated mucinous metastatic spread to the peritoneum [20] .
Management and prognosis
Surgical treatment depends on the dimensions and histology of the mucinous neoplasm, as well as the clinical presentation. Retention cysts and small mucinous adenomas are treated with simple appendectomy, whereas bulky adenomas with large base may need cecal resection if there is a risk that the margin at the appendiceal stump would be positive [3] . All appendectomies should include a wide mesoappendix resection in order to assess for lymph node involvement [32] . Right hemicolectomy is reserved for invasive adenocarcinomas because of the potential for lymph node metastases, and, in these cases, only when peritoneal disease is absent [15] . It is important to recognize that all appendiceal mucoceles more than 2 cm need surgical excision because of the potential for a mucinous neoplasm.
In the setting of suspected appendicitis, when an appendiceal mucocele is encountered, the surgeon assumes extreme caution while handling the mucocele to avoid rupture and dispersion of mucus or epithelial cells into the peritoneal cavity as this is associated with a poorer prognosis [4] . The laparoscopic approach is usually not recommended for mucoceles, unless they are very benign in appearance, due to the risk of intra-operative rupture. When detected incidentally at laparoscopy, conversion to laparotomy is recommended [30, 31] . If, however, the mucocele appears to be a homogeneous cyst, with no nodularity and no sign of perforation, then careful laparoscopic handling may be acceptable [32] . In general, laparotomy is advised to permit careful exploration of other viscera, in particular the colon and ovaries, because of the reported association between appendiceal mucocele and colonic and ovarian tumors in 1120% of cases [3, 8, 11] . In addition, the entire abdomen should be inspected for signs of mucin and peritoneal dissemination. If mucin is present then it must be collected completely and sent for cytology, because the presence of cells in mucin localized to the right lower quadrant provides significant prognostic information [26] . For PMP, Sugarbaker [33, 34] recommends aggressive peritonectomy with intra-operative hyperthermic chemotherapy and post-operative systemic chemotherapy. When significant peritoneal disease is detected at the time of exploration, then the goal must be to obtain a diagnosis. This includes an appendectomy with removal of the mesoappendix, generous sampling of the mucinous fluid and biopsy of peritoneal nodules. The extent of the disease, over the small intestine in particular, should be recorded to facilitate operative planning in the future. Closure of the abdomen should be followed by thorough irrigation to avoid tumor cell entrapment in the wound. Referral to a high-volume center for consideration of cytoreductive surgery and perioperative intraperitoneal chemotherapy should be pursued once the cytology and pathology results are available [32] . The prognosis for retention cysts and adenomas is excellent: 5-year survival is 91100% [3] . Adenomas of the appendix, by definition, do not recur. Yantiss et al. [27] , in their study of 65 patients with appendiceal mucinous neoplasms, found that 96% of patients with acellular extra-appendiceal mucin were disease free (mean 52 months), whereas 33% of patients with Figure 12 67-year-old man with appendiceal mucinous adenocarcinoma and high-grade pseudomyxoma peritonei. Axial contrast-enhanced CT image demonstrates mucinous carcinomatosis causing omental caking (Om), coating the small bowel loops and mesentery (star) and a lobulated, low-density right lower quadrant mass lesion (white arrows) with asymmetrical calcifications representing the appendiceal mucinous adenocarcinoma. Mucinous neoplasms of the appendix 23 neoplastic proliferation outside the appendix developed widespread disease. Misdraji et al. [35] , in their study of 107 mucinous appendiceal neoplasms, found that overtly malignant peritoneal disease had 3-and 5-year survival rates of 90% and 44%, respectively, whereas low-grade peritoneal disease was associated with 100% and 86% survival, respectively. Ten-year survival in patients with mucinous adenocarcinoma is usually less than 10% [6] . Features associated with poor prognosis include advanced stage and high grade. In PMP, spread of mucus beyond the right lower quadrant and cellular mucin are of prognostic significance [9] . Metastases to the ovaries are common.
Conclusion
Classification and taxonomy of mucinous neoplasms is complex and controversial. Neoplasms confined to the mucosa of the appendix are adenomas, whereas neoplasms extending beyond the appendix can be LAMNs or adenocarcinomas. Concerning findings at imaging, especially MDCT, include the presence of a soft tissue mass, irregular wall thickening and complications such as rupture. Recognizing extra-appendiceal mucin is of utmost importance for proper staging and prognostication. A surgical consultation should be recommended for all appendiceal mucoceles more than 2 cm in diameter. Distribution of mucin and the presence of nodal and visceral metastases beyond the peritoneum help to differentiate low-grade and high-grade PMPs. PMP with simultaneous appendix and ovarian neoplasm should be treated as a primary appendiceal tumor. Clear communication between the radiologist, pathologist and surgeon is important for optimal patient management. 
